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Abstract
Phosphonates represent an underexploited class of natural products despite their tremendous
potential for use in medicine and agriculture. Even less characterized are phosphonatecontaining macromolecules such as cell wall lipids and glycans, distinguished by a P-C bond
known to provide stability towards hydrolysis. Despite some progress made in revealing cell
wall phosphonate tailoring (Pnt) pathways, several barriers impede the discovery and
characterization of novel phosphonate biosynthetic pathways. Specifically, a large diversity of
gene composition and arrangement is evident surrounding key genes established to participate
in phosphonate tailoring pathways, which are identified alongside the presence of the ppm
gene encoding the P-C bond forming enzyme phosphoenolpyruvate mutase (Ppm). In this
thesis, the presence of a putative cytidylyltransferase called pntC has been identified in close
genomic proximity to ppm in 120 microbial phosphonyl tailoring (pnt) gene neighbourhoods
collected from non-redundant genome sets. Further, bioinformatic analysis of gene
neighbourhoods surrounding ppm and pntC homologs, based on functional associations with
Pfam families, has been completed and will allow for prediction of new phosphonate
modifications. Indeed, 6 pnt gene clusters have been preliminarily classified based on uniquely
identified

Pfams,

highlighting

functions

involved

in

transport,

redox

reactions,

dehydrogenation, and deamination with a variety of substrates. The new bioinformatics tool
described herein will enable further classification of pnt gene clusters and result in the
generation of testable hypotheses for enzyme targets crucial to phosphonate tailoring
pathways.
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Introduction
Bacterial Pathogenesis and Antimicrobial Resistance

A wide variety of microbial communities inhabit the human body, influencing health and
disease (Human Microbiome Project Consortium et al., 2012). Pathogenic bacteria in particular
have evolved over the years to modify their virulence mechanisms in response to host defense
systems. While the discovery and extensive use of antimicrobials has been successful at
hindering the spread of pathogens, the emergence of antimicrobial resistance cases in recent
years is resulting in a growing public health concern (Beceiro et al., 2013). There is increasing
pressure to formulate narrow-spectrum antimicrobials, which offer significant advantages in
the way of tackling antimicrobial resistance while avoiding harming beneficial commensal
bacteria that reside in the human body (Fair and Tor, 2014). In addition, developing therapeutic
agents that target virulence such as quorum sensing inhibitors, as opposed to traditional
antibiotics, may diminish selective pressure towards resistance (Welsh and Blackwell, 2016).

Biological Relevance of Phosphonates

Phosphorous is an essential nutrient used in the formation of nucleic acids,
phospholipids, phosphorylated exopolysaccharides, as well as a number of metabolites. In most
organisms, phosphorous is preferred in its inorganic phosphate form. However, this nutrient is
limited in many ecosystems (Yu et al., 2013). Thus, life forms have evolved to produce highly
efficient phosphate transport systems and various methods for sequestering phosphorous (van
Veen, 1997). Phosphonates represent an underexploited class of natural products characterized
9
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by a highly stable carbon-phosphorous (P-C) bond that drives bioactivity and displays resistance
against chemical and enzymatic degradation (Horsman and Zechel, 2017). While the function of
phosphonate-containing macromolecules has not been fully elucidated, the wide distribution
and abundance of phosphonate production in nature reveals biological significance (Yu et al.,
2013). There is a broad spectrum of macromolecules and metabolites decorated with
phosphonates, predominantly as constituents of extracytoplasmic macromolecules such as
phosphonoglycans and phosphonolipids (Horsman and Zechel, 2017). It is proposed that the
inert nature of the P-C bond provides stability and resistance to hydrolytic enzymes, conferring
a particular advantage in phosphorous-limited environments (Yu et al., 2013). Macromolecules
decorated with phosphonates may also have a crucial role in cell-cell signalling as specific
receptor molecules or as phosphorous storage vehicles in environments starved of
phosphorous (Metcalf and van der Donk, 2009).

Although the majority of work has centered on discovering phosphonate biosynthetic
pathways for small bioactive molecules, there is a wealth of novel work to be done in the
molecular and biochemical characterization of phosphonate metabolism (Metcalf & van der
Donk, 2009). There are notable applications for phosphonates as both therapeutic and
agricultural agents. Fosfomycin, a product of several species of Streptomyces and
Pseudomonas, was discovered as the first phosphonate natural product displaying antibiotic
activity against both Gram-positive and Gram-negative bacteria and has been historically used
for treating urinary tract infections (Maraki et al., 2009; Kim et al., 2012) (Fig. 1). Additionally,
phosphinothricin, discovered from S. viridochromogenes and S. hygroscopicus, has implications
for use as an herbicide by actively inhibiting glutamine synthetase and preventing its nitrogen10
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assimilation abilities (Schwartz et al., 2004) (Fig. 1). The discovery of phosphonate tailoring
pathways, with aid by bioinformatics techniques, paves the way for identifying novel targets of
inhibition.

Figure 1. Structures of Notable Phosphonate Compounds. Fosfomycin 1 is shown on the left
and phosphinothricin 2 is shown on the right (Horsman, 2018).
Classification of Phosphonates

Phosphonate tailoring can be broadly classified based on (i) the type of phosphonate
produced and (ii) the type of scaffold to which that phosphonate is attached. The major
phosphonate building blocks comprise phosphonopyruvate (PnPy) 1, phosphonoacetaldehyde
(PnAA) 2, 2-aminoethylphosphonic acid (AEP) 3, and 2-hydroxyethylphosphonic acid (HEP) 4
(Fig. 2) (Horsman and Zechel, 2017). In particular, 3 is observed in a wide diversity of organisms,
typically as the polar head group in phosphonolipids or as side groups on exopolysaccharides or
glycoproteins (Metcalf and van der Donk, 2009; Villarreal-Chiu et al., 2012). Its role in these
scaffolds is linked to increased structural rigidity and protection against enzymatic degradation
due to the resistance that the P-C bond offers against the action of phosphatases (VillarrealChiu et al., 2012).
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Figure 2. Overview of phosphonate natural products. Phosphonate compounds shown above
have important roles in phosphonate tailoring. The major phosphonate building blocks
comprise phosphonopyruvate (PnPy) 1, phosphonoacetaldehyde (PnAA) 2, 2aminoethylphosphonic acid (AEP) 3, and 2-hydroxyethylphosphonic acid (HEP) 4 (Adapted from
Horsman and Zechel, 2017).
Other Phosphate Modifications

A number of other noteworthy phosphate modifications have been identified, extending
beyond the aforementioned phosphonate modifications which are characterized by a P-C bond.
For instance, phosphoramidate modifications, characterized by their P-N bond, are observed on
the polysaccharide backbone of Campylobacter jejuni, recognized as one of the most common
causes of gastroenteritis worldwide (Young et al., 2007). C. jejuni produces bacterial capsular
polysaccharides (CPS) which are extensive layers of sugar chains coating the outer surface of a
bacterium that offer protection from the environment and are involved in complement12
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mediated phagocytosis and killing (Guerry et al., 2012). The CPS is established to play an
important role in colonization and invasion of the host organism (van Alphen et al., 2014).
While its pathway of assembly remains to be fully understood, initial transformation in the
biosynthetic pathway for P-N modification of the CPS was discovered to involve direct
phosphorylation of the amide nitrogen of L-glutamine with ATP by the catalytic activity of
Cj1418, a glutamine kinase, to make L-glutamine phosphate through NMR spectroscopy and
mass spectrometry (Fig. 3). This product is used by Cj1416, a phosphoglutamine
cytidylyltransferase, to displace pyrophosphate from MgCTP and form cytidine disphosphate
(CDP)-L-glutamine. Finally, Cj1417, a γ-glutamyl-CDP-amidate hydrolase, catalyzes hydrolysis of
CDP-L-glutamine to produce L-glutamate and cytidine disphorphoramidate (CDP-NH2) (Taylor et
al., 2017). Thus, the discovery of phosphoramidate tailoring affirms that there may be diverse
phosphoryl modifications of polysaccharides still yet to be discovered in nature.

Figure 3. Biosynthesis of Phosphoramidate Modification of CPS. In this pathway, Cj1418
catalyzes the phosphorylation of the amide nitrogen of L-glutamine. This product is used by
Cj1416, a phosphoglutamine cytidyldyltransferase, to displace pyrophosphate from MgCTP and
13
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form cytidine disphosphate (CDP)-L-glutamine. Finally, Cj1417, a γ-glutamyl-CDP-amidate
hydrolase, catalyzes hydrolysis of CDP-L-glutamine to produce L-glutamate and cytidine
disphorphoramidate (CDP-NH2) (Adapted from Taylor et al., 2017).
Phosphonate Biosynthesis

Phosphoenolpyruvate mutase (Ppm) is a well-established enzyme involved in the
catalysis of the initial step in nearly all known phosphonate biosynthetic pathways, whereby
phosphoenolpyruvate (PEP) is reversibly converted to phosphonopyruvate (PnPy) by action of
Ppm in order to synthesize the characteristic P-C bond (Peck and van der Donk, 2013). This step
is thermodynamically unfavourable, with the isomerization equilibrium heavily favouring PEP by
more than 500-fold (Bowman et al., 1988). A subsequent step, typically decarboxylation by a
thiamine pyrophosphate-dependent PnPy decarboxylase, helps drive the reaction forward to
produce phosphonoacetaldehyde (PnAA), a reactive intermediate that can be further reduced
or aminated to furnish HEP or AEP, respectively (Fig. 4) (Metcalf and van der Donk, 2009; Peck
et al., 2012). Alternative transformations of PnPy beyond decarboxylation have been identified,
including transamination, aldol-like addition, and reduction (Horsman and Zechel, 2017).

3

4
1

2

Figure 4. Biosynthetic pathway for phosphonate small molecules. Featured in this pathway is
enzymes phosphoenolpyruvate mutase (Ppm) a, phosphonopyruvate (PnPy) decarboxylase
14
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(Ppd) b, aminoethylphosphonic acid (AEP) transaminase (AEPT) c, and alcohol dehydrogenase d.
Also shown from Figure 2 is phosphonopyruvate (PnPy) 1, phosphonoacetaldehyde (PnAA) 2, 2aminoethylphosphonic acid (AEP) 3, and 2-hydroxyethylphosphonic acid (HEP) 4 (Horsman,
2018).
The ppm gene is a well-known molecular marker for phosphonate-producing organisms.
Identified genes encoding key biosynthetic enzymes involved in the phosphonate tailoring
pathway are typically observed clustered alongside the ppm gene, suggesting that an
understanding of ppm diversity is essential to predicting phosphonate diversity, specifically the
accompanying metabolic pathways encoded by these linked genes (Yu et al., 2013).
Phosphonate diversity is widespread in nature, with 5.7% of bacterial genomes in the
Integrated Microbial Genomes (IMG) database encoding ppm homologs. In particular,
Proteobacteria, Bacteroidetes, Firmicutes, Actinobacteria, and Spirochaetes, are among the
most predominant phyla encoding ppm (Yu et al., 2013). Given the potent bioactivity of ppm
and its abundance in nature, it is probable that pharmaceutically useful compounds remain to
be discovered in phosphonate gene clusters.

A recent report, based on phylogenomic analyses, identified similarities in the chemical
and thermodynamic properties of arsenate and phosphate, postulating a biosynthetic logic
analogous to phosphonate biosynthesis involving arsenate as the driving chemical moiety (CruzMorales et al., 2016). In this pathway, arsenate and enolpyruvyl shikimate 3-phosphate react to
produce arsenoenolpyruvate, an analog of PEP, which is spontaneously transformed into
pyruvate and arsenate. Interestingly, it was determined that Ppm is capable of recognizing
arsenoenolpyruvate as a substrate, which may direct synthesis of a novel arseno-organic
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metabolite similar to P-C bond formation. This was confirmed through experimental work
showing arseno-organic metabolites produced by model actinomycetes Streptomyces coelicolor
and Streptomyces lividans in conditions where phosphate was limited and arsenic was made
readily available (Cruz-Morales et al., 2016). This approach shows promise in finding novel
pathways in phosphonate metabolism through genome mining and an application of
evolutionary principles.

Known Tailoring Pathways with Chemical Similarities to Phosphonates

The modification of exopolysaccharides by small molecules contributes significantly to
bacterial pathogenicity, virulence, and environmental adaptability (Whitfield et al., 2015). AEP
is among the most commonly observed moieties in phosphonoglycans and phosphonolipids, yet
the method by which it attaches to these cellular features remains largely unknown. Of note,
AEP shares structural similarities to phosphocholine (ChoP), an important component of cellwall teichoic acid and lipoteichoic acid in Streptococcus pneumoniae (Fig. 5). This implies the
existence of phosphonate tailoring pathways that function analogously to the choline tailoring
pathway observed in Streptococcus pneumoniae (Zeng et al., 2014). In the choline tailoring
pathway, choline is taken up by the bacteria from the growth environment and incorporated
into ChoP. The integration of choline residues on cell-wall membrane complexes has important
physiological implications on the functioning of pneumococci with deficiencies in choline
leading to an attenuation of virulence (Zeng et al., 2014). Attachment of ChoP to teichoic acid is
mediated by the lic-encoded pathway, which is determined as a critical component in the
pathogenesis of Streptococcus pneumoniae (Young et al., 2013) (Fig. 6). In this pathway, choline
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is first acquired from the environment and imported into the cell via the choline
transmembrane transporter LicB. Once in the cell, choline kinase LicA phosphorylates choline to
form ChoP. The ChoP cytidylyltransferase LicC is the best characterized protein in the pathway
and synthesizes CDP-choline from ChoP and CTP in the cytoplasm. The final attachment of ChoP
to the target glycan is mediated by ChoP transferase LicD. The presence of choline in the cell
wall and subsequent linkage to virulence is not limited to Streptococcus pneumoniae, but has
also been identified in a number of respiratory tract pathogens including Haemophilus
influenzae and Pseudomonas aeruginosa (Gosink et al., 2000).

A

B

Figure 5. Phosphoryl decoration of bacterial polysaccharides. Shown in A is ChoP tailoring of
teichoic acid in S. pneumoniae. In contrast, B shows tailoring of the structurally similar
compound AEP on polysaccharide B in B. fragilis (Horsman, 2018).
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Figure 6. Comparison of lic phosphocholine (ChoP) tailoring on left and pnt phosphonate (Pn)
tailoring pathway on right. The phosphonate tailoring pathway is proposed to work in an
analogous fashion to the choline tailoring pathway. In this pathway, choline is first acquired
from the environment and imported into the cell via the choline transmembrane transporter
LicB. Once in the cell, choline kinase LicA phosphorylates choline to form ChoP. Homologs to
LicC, a ChoP cytidylyltransferase, and LicD, a ChoP transferase, have been identified and
referred to as PntC and PntD due to their associations with putative phosphonyl tailoring
pathways. Distinct features of AEP may allow it to evade the host’s immune response by
disrupting the immune response triggered by phosphocholine presentation (Horsman, personal
communication, 2018).
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Proposed Phosphonate Tailoring Pathway

Based on the analogous choline tailoring pathway, we proposed to name genes in
association with their clustering in putative phosphonyl tailoring (pnt) pathways, and therefore
refer to homologs of LicC and LicD enzymes as PntC and PntD, respectively. Enzymes in this
pathway have been identified in bacteria related to periodontal disease, including Atopobium
rimae, Treponema denticola, and Olsenella uli, each of which express pnt genes and/or produce
phosphonates detectable by 31P NMR (Bartlett et al., 2017) (Fig. 7). Consistent with this
proposal, specificities for LicC homolog PntC from Atopobium rimae (Ari-PntC) and LicC from
Streptococcus pneumonia (Spn-LicC) were tested to reveal strong preferences for AEP and
ChoP, respectively (Rice et al., in preparation). While there are proposed similarities in the
mechanism of action between the choline and phosphonate tailoring pathways suggesting that
AEP may also contribute to virulence, distinct features of AEP may allow it to evade the host’s
immune response by disrupting the immune response triggered by the ChoP presentation (Fig.
5, 6). The highly stable P-C bond in phosphonates may also make it more resistant to enzymatic
degradation and low pH, prolonging the state of infection. Thus, the biosynthetic logic
governing phosphonate tailoring of glycans presents a potentially rich source of species-specific
enzymes for target inhibition.

19
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Figure 7. Gene clusters involved in phosphonyl tailoring. Gene clusters featured above are
taken from Atopobium rimae, Treponema denticola, and Olsenella uli, all associated with
periodontal disease (Horsman, 2018)
Despite progress made in the field, limitations still arise in establishing avenues for
capturing novel enzymes acting in phosphonate tailoring pathways. In particular, there is a large
diversity of gene composition and arrangement surrounding ppm and pntC with the potential
for discovery of novel and biologically significant genes (Yu et al., 2013). A systematic method
to identify, classify, and analyze the diverse gene clusters involved with phosphonate
metabolism is necessary in order to postulate further hypotheses relating to enzymatic targets
and modes of phosphonate modification.

20
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Objectives

The foundation of this thesis is of an exploratory nature and will form the basis for developing
hypotheses describing novel phosphonate modifications to be supported by experimentallydriven work. The main objectives of this thesis constitute (1) defining the extent of
cytidylyltransferase genes associated with ppm, (2) identifying gene neighbourhoods
surrounding homologs to ppm and pntC to reveal unique gene clusters related to phosphonate
metabolism and (3) preliminary classification and organization of these unique gene clusters
which will pave the way for future avenues in identifying novel enzyme targets acting in
phosphonate tailoring pathways.

21
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Methods
Profile Hidden Markov Models Established with Sequence Data

Sequences for the proteins encoded by pntC (A. rimae) and ppm (T. pyriformis, S.
rubellomurinus, B. subtilis, S. viridochromogenes, S. luridus, S. wedmorensis, S. fradiae, P.
syringae) were obtained and used to collect representative profile Hidden Markov Models
(HMMs) for putative phosphonyl tailoring cytidylyltransferase (PntC) and phosphoenolpyruvate
mutase (Ppm) from the Pfam database using the HMMER software suite (Finn et al., 2011,
2016) (Table 1). Profile HMMs are a probabilistic model that can be used for representing
families of protein sequences related through evolution, based on position-specific letter
distributions and position-specific insertion/deletion probabilities (Schuster-Böckler et al.,
2004). The Pfam database depends on multiple sequence alignments to recognize conserved
regions which are used to distinguish family members with high sensitivity. The Pfam database
differs from other protein family databases in that its family definition and search method
encompasses entire domains, including insertions and deletions, as opposed to simply
conserved motifs identified within sequences (Sonnhammer et al., 1998). With this method,
three profile HMMs from Pfam were retrieved for the inputted PntC protein sequence:
NTP_transf_3 (PF12804), NTP_transferase (PF00483), and IspD (PF01129) and one profile HMM
were retrieved for the inputted Ppm sequence: PEP_mutase (PF13714) (Table 1). The GA
(gathering) scores in the models were applied as the thresholds for determining matches, which
is considered a reliable curated threshold for defining family membership (Finn et al., 2016).
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Table 1 Summary of Profile HMM Results from ppm and pntC sequences
Query

Profile HMM

Description from Pfam Database (Finn et

Gene

al., 2016)

ppm



PEP_mutase (PF13714)



Phosphoenolpyruvate mutase

pntC



NTP_transf_3 (PF12804)



MobA-like NTP transferase domain



NTP_transferase (PF00483)



Nucleotidyl transferase



IspD (PF01129)



2-C-methyl-D-erythritol 4phosphate cytidylyltransferase

Retrieving Homologs to ppm and pntC

The retrieved profile HMMs were scanned collectively against annotated protein
sequences from NCBI RefSeq genome databases: complete (n=8582), contig (n=60795), and
scaffold (n=41568) to identify potential homologs based on local sequence alignment (Fig. 8,
process_hmmscan.py, Appendix A). The NCBI RefSeq database is unique in providing a curated,
non-redundant, protein database representing significant taxonomic diversity and is
internationally used as the standard for genome annotation (Pruitt et al., 2007). A Python script
(filter_matchlength.py, see Appendix A) was written and applied to narrow the results into
homologs sharing alignment to at least one of the profile HMMs for pntC and the single profile
HMM retrieved for ppm. To limit the scope further, only hits showing ≥70% alignment to the
profile HMMs were included in the study to ensure that a significant portion of the domain was
represented. An additional screen was conducted to identify a list of ppm homologs containing
the highly conserved catalytic motif EDKXXXXXNS, which distinguishes PEP mutase from other
members of the isocitrate lyase superfamily (Yu et al., 2013).
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Figure 8. Visual schematic of methodology involved in retrieving representative Profile
Hidden Markov Models (HMMs) from Pfam database using HMMER software. In this
illustration, a query amino acid sequence is run through HMMER software, retrieving a
representative HMM profile from the Pfam database. A Python script (process_hmmscan.py,
see Appendix A) was applied to search for other sequences with this particular HMM profile,
known as homologs, using HMMER.
Retrieving Homologs to pntC and selected other phosphoryl tailoring domains

In order to capture a cross-section of related phosphoryl tailoring machinery (specifically
P-C, P-O, and P-N tailoring), additional sequences for the proteins encoded by licA (H.
influenzae) and licB (H. influenzae) were also obtained and used to collect representative profile
HMMs for the choline kinase (LicA) and the choline transporter (LicB) from the analogous
choline tailoring pathway. A sequence was also retrieved for Cj1418 (C. jejuni), a glutamine
kinase involved in phosphoramidate (MeOPN) synthesis alongside Cj1416, a phosphoglutamine
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cytidyldyltransferase analogous to licC and pntC. All sequences were inputted in HMMER to
collect profile Hidden Markov Models (HMM) from the Pfam database using the HMMER
software suite (Finn et al., 2011, 2016) (Table 2). One profile HMM was retrieved for the
inputted LicA protein sequence: Choline_kinase (PF01633) along with one profile HMM for the
LicB protein sequence: EamA (PF00892). Two profile HMMs were retrieved for the Cj1418
protein sequence: PEP-utilizers (PF00391) and PPDK_N (PF01326). As before, the GA (gathering)
scores in the models were applied as the thresholds for determining matches (Finn et al., 2016).
The retrieved profile HMMs were scanned collectively against annotated protein sequences
from NCBI RefSeq genome databases (Pruitt et al., 2007). Results were narrowed to homologs
sharing alignment to at least one of the aforementioned profile HMMs (Choline_kinase, EamA,
PEP-utilizers, and PPDK_N) and one of the profile HMMs identified for pntC/licC (NTP_transf_3,
NTP_transferase, and IspD). As previously, only hits showing ≥70% alignment to the profile
HMMs were included in the study.
Table 2 Summary of Proflie HMM Results from licA, licB, and cj1418 sequences
Query Gene

Profile HMM

Description from Pfam Database (Finn et
al., 2016)

licA



Choline_kinase (PF01633)



Choline_ethanolamine kinase

licB



EamA (PF00892)



EamA-like transporter family

cj1418



PEP-utilizers (PF00391)



PEP-utilising enzyme, mobile



PPDK_N (PF01326)

domain


Pyruvate phosphate dikinase,
PEP/pyruvate binding domain
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Gene Neighbourhood Identification

A Python script (protein_distances.py, see Appendix A) was written to calculate
distances, in number of genes, between ppm and pntC homologs following filtering (for ≥70%
HMM alignment and presence of the Ppm motif) in NCBI RefSeq complete, contig, and scaffold
genome databases. Due to the incredibly wide and varied distribution of distances, an initial
maximum distance of 10 genes in between ppm and pntC was considered. Of these, only the
closest distances between unique ppm and pntC in a genome were considered. Thus, initial
boundaries for gene neighbourhoods were set at 10 genes on either side of ppm and pntC and
with a maximum of 10 genes in between, referred to as “10/10/10” (Fig. 9). Additional
neighbourhood boundaries were tested including 5 or 20 genes on either side of ppm and pntC
with a maximum of 5 (“5/5/5”) or 20 (“20/20/20”) genes in between, respectively.
Neighbouring genes surrounding ppm and pntC were identified and collected from NCBI RefSeq
complete, contig, and scaffold genome databases with additional consideration for ensuring the
inclusion of genomes established to participate in phosphonate tailoring (T. denticola, A. rimae,
and O. uli). Neighbourhood analysis was limited to non-redundant genomes with filtering
conducted through a Python script (nr_distances.py, see Appendix A).

10 genes

10 genes

10 genes
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Figure 9. Visual Representation of Boundaries Selected for Gene Neighbourhoods.
Red circles represent our query genes of interest (ppm and pntC), while blue circles represent
retrieved genes in a sample neighbourhood. Representative families from Pfam database are
gathered for every gene in a neighbourhood.

Preliminary Distance Calculations Between pntC and other genes
The aforementioned Python script (protein_distances.py, see Appendix A) was applied
once again to calculate distances, in number of genes, between pairs of pntC/licC and one of
licA, licB or cj1418 in acquired homologs following filtering (for ≥70% HMM alignment) in NCBI
RefSeq complete, contig, and scaffold genome databases. The distribution of distances was
plotted with a maximum distance of 10 genes applied in between pairs of genes. This provided
the foundation for which to base future gene neighbourhood analysis work on other
phosphoryl tailoring machinery in a similar fashion to the work conducted specifically on ppmpntC gene neighbourhoods.

Jaccard Index and Pfam Associations

To classify and organize neighbourhoods, protein sequences encoded by genes in each
ppm-pntC neighbourhood were retrieved and used to collect representative families from the
Pfam database using HMMER software suite as part of a Python script (functions.py, see
Appendix A). A set of neighbourhoods with Pfam associations for each neighbouring gene
surrounding ppm and pntC was established. The Jaccard index (or Jaccard coefficient) was used
to compare the similarity and diversity of Pfams in neighbourhood sets, measuring the size of
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the intersection of Pfams divided by the size of the union of Pfams for each neighbourhood set
(Real et al., 1996):

where A and B represent any two neighbourhoods in a set (Fig. 10). A Jaccard coefficient of 1
(inversely a Jaccard distance of 0) indicates identical neighbourhoods. The Jaccard distance (1Jaccard coefficient) matrix obtained was used to cluster the neighbourhoods into probable
groupings based on shared Pfams.

N1 size = 26

N2 size = 24
Intersection = 10
Union = (26+24) – 10 = 40
Jaccard Coefficient = 10/40 = 0.25
Figure 10. Sample Visual Schematic of Jaccard Calculation. N1 and N2 represent any two
neighbourhoods in a set. The green circles represent shared (intersecting) Pfams among the
two neighbourhoods. The blue circles represent unique Pfams found in N1 and the purple
circles represent unique Pfams found in N2.
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Visualization Techniques

An R script (cluster-tri_sign.R, see Appendix A) performed hierarchical clustering of
neighbourhoods in order to create a dendrogram (Newick tree format) which was visually
inspected using EvolView (He et al., 2016). Neighbourhoods within and between clusters were
analyzed to identify unique and defining Pfams representative for each cluster as well as
unifying Pfams common to all clusters. Neighbourhoods containing known domains for
additional phosphonate tailoring machinery were observed and highlighted in the dendrogram.
Gene alignments, centered on ppm, were visualized for all neighbourhoods in a cluster.

Results and Discussion
Filtering Steps for Homolog Identification

Following filtering for ≥70% alignment and the ppm motif, ppm homologs were
identified in ~4% of total genomes collected from NCBI RefSeq complete, contig, and scaffold
genome databases, which is consistent with previous analyses (Yu et al., 2013). A significant
proportion of genomes were discovered to contain a cytidylyltransferase domain as defined by
their representative profile HMMs: NTP_transf_3 (PF12804.5), NTP_transferase (PF00483.21),
and IspD (PF01129.17). Following filtering for ≥70% alignment, pntC homologs were identified
in ~60% of total genomes collected from NCBI RefSeq complete, contig, and scaffold databases.
Thus, when limiting searches to homologs matching both ppm and pntC profile HMMs, a subset
of ~4% of genomes after filtering for ≥70% alignment and with consideration for the ppm motif
was collected from NCBI RefSeq complete, contig, and scaffold genome databases (Table 3).
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Table 3 Number of Genomes with Identified Homologs Based on Profile HMMs After Filtering
for ≥70% Alignment The number of genomes with homologs or “hits” is also represented as a
percentage over the total number of genomes in each respective database. All ppm homologs
were filtered for the ppm motif. The count for genomes with ppm homologs is shown before
filtering for the ppm motif (first number in a pair) and after filtering for the ppm motif (last
number in a pair).
Complete (8582)

Contig (60795)

Scaffold (41568)

4472 (52%),

34596 (57%),

20978 (50%),

422 (4.9%)

2489 (4.1%)

1166 (2.8%)

pntC

5161 (60%)

38931 (64%)

24069 (58%)

both ppm and pntC

4472 (52%),

34596 (57%),

20978 (50%),

422 (4.9%)

2489 (4.1%)

1166 (2.8%)

ppm

Distances between ppm and pntC

The closest distances between unique ppm and pntC were considered from NCBI RefSeq
complete, contig, and scaffold genome databases, filtering for ≤ 10 genes between ppm
(PEP_mutase) and pntC (NTP_transf_3, NTP_transferase, and IspD) as initial neighbourhood
boundaries, resulting in 668 total distances before filtering for non-redundant genome
representatives. Of these, the vast majority (77%) of distances between ppm and pntC were ≤ 1
gene apart, displaying a significant proportion of ppm/pntC fusions (42%) (Fig. 11). Inspection of
the distribution of distances justified use of the “10/10/10” neighbourhood boundary as the
vast majority of distances between ppm and pntC were predominantly ≤ 1 gene apart,
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eliminating need for the larger neighbourhood boundary considered, “20/20/20”. Preliminary
gene neighbourhood analysis of the “5/5/5” neighbourhoods also revealed exclusion of unique
Pfams necessary for classifying gene neighbourhoods, affirming the use of “10/10/10” gene
neighbourhoods for more meaningful analysis. This suggested that a maximum distance of 10
genes in between ppm and pntC would be sufficient in representing appropriate
neighbourhood boundaries.

31

Bioinformatic interrogation of phosphonate tailoring pathways – Monica Papinski

Figure 11. Cumulative Proportion of Shortest Distances ≤ 10 genes between ppm and pntC. All
ppm genes were filtered for the characteristic ppm motif. A total of 668 total distances were
identified before filtering for non-redundant genome representatives. A significant proportion
(42%) was identified as ppm/pntC fusions.
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Distances between pntC and other genes

Distances between pntC/licC homologs and other genes were also considered from NCBI
RefSeq complete, contig, and scaffold genome databases, filtering as before for ≤ 10 genes
between pairs as preliminary neighbourhood boundaries. For licA and licC/pntC, an
overwhelming majority (93%) were located 2 genes apart when considering total distances ≤ 10
genes in between licA and licC/pntC (Fig. 12). A small percentage (0.02%) was also identified as
licA/licC fusions (Fig. 12). For licB and licC/pntC, 28% were at a distance of 3 genes apart while
25% were at a distance of 5 genes apart when considering total distances ≤ 10 genes in
between licB and licC/pntC (Fig. 13). Finally, for cj1418 and licC/pntC, the distribution of
distances displayed some variance with a notable proportion (38%) located 2 genes apart when
considering total distances ≤ 10 genes in between cj1418 and licC/pntC (Fig. 14). Interestingly,
this data provides a strong indication of the association between the apparent position of
kinases (licA and cj1418), transferases (licB), and cytidyltransferases (licC/pntC) in
neighbourhoods that are consistently found together in nature, and likely acting in comparable
pathways. Cytidyltransferases, including licC involved in P-O modification, pntC involved in P-C
modification, and cj1416 involved in P-N modification, are diverse and predominantly involved
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Figure 12. Distribution of distances ≤ 10 genes between and licC/pntC and licA. The majority
(93%) of distances between licC and licA were 2 genes apart.

34

Bioinformatic interrogation of phosphonate tailoring pathways – Monica Papinski

Figure 13. Distribution of distances ≤ 10 genes between and licC/pntC and licB. Considering
those distances ≤ 10 genes apart, 28% were at a distance of 3 genes apart while 25% were at a
distance of 5 genes apart between licC and licB.
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Figure 14. Distribution of distances ≤ 10 genes between licC/pntC and cj1418. The majority of
distances (38%) between pntC and cj1418 were 2 genes apart.

Distribution of Jaccard Distances

A distribution of Pfams collected for “10/10/10” neighbourhoods cumulatively retrieved
from NCBI RefSeq complete, contig, and scaffold genome databases, filtered to only include
non-redundant genome representatives, revealed 120 variously sized neighbourhoods collected
from 120 pairs of pntC/ppm distances. A range of 9-25 Pfams were retrieved for
neighbourhoods, indicating a substantial number of neighbourhoods with known linkages to
profile HMMs from the Pfam database (Fig. 15). The average “10/10/10” neighbourhood
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contained 18 known Pfams, representing ~50% of all neighbourhoods (Fig. 15). The Jaccard
coefficients were calculated for “10/10/10” neighbourhoods based on Pfam associations, which
revealed high dissimilarity among neighbourhood sets. For example, only 3% of neighbourhood
sets displayed Jaccard coefficients that were ≥ 0.5 (Figure 16, Table 4).

Figure 15. Cumulative Pfam Distribution among “10/10/10” neighbourhoods collected from
complete, contig, and scaffold non-redundant genomes. A range of 9-25 Pfams were retrieved
for neighbourhoods, indicating a substantial number of neighbourhoods with known linkages to
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profile HMMs from the Pfam database. A total of 25 neighbourhoods contained 18 known
Pfams, the observed average for “10/10/10” neighbourhoods.

Figure 16. Jaccard Coefficient Distribution among “10/10/10” neighbourhoods collected from
complete, contig, and scaffold non-redundant genomes. High dissimilarity was revealed
among neighbourhood sets. High diversity among pntC neighbourhoods were observed, with
only 3% of pntC neighbourhood sets displaying Jaccard coefficients ≥ 0.5.
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Table 4 Sample Jaccard Calculations Among Neighbourhoods N1 and N2 represent two sample
neighbourhoods (named after the corresponding genome and starting gene position).
Intersection refers to the number of Pfam families shared by both sets, while union refers to
the total number of unshared Pfams in both sets (Fig. 10). The Jaccard coefficient is calculated
as intersection/union, with 1 indicating identical neighbourhoods. The Jaccard distance is used
in the hierarchical clustering of the neighbourhoods to create the dendrogram (1- Jaccard
Coefficient).
N1

N2

Intersection

Union

Jaccard Distance
(1-Jaccard
Coefficient)

20

Jaccard
Coefficient
(Intersection
/Union)
0.9

GCF_9001083
55_n3164

GCF_0002819
95_n1601

18

GCF_0000099
25_n2606

GCF_0020781
35_n1669

8
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0.25

0.75

0.1

Clustering

Neighbourhood clusters from NCBI RefSeq complete, contig, and scaffold nonredundant genome sets were determined upon visual inspection of the dendrogram created
from Jaccard distances calculated by comparing Pfams among neighbourhood sets (Fig. 17).
Despite the high dissimilarity among neighbourhood sets, several Pfams were predominantly
seen shared among neighbourhood clusters including TPP_enzyme_C (Thiamine pyrophosphate
enzyme, C-terminal TPP binding domain), TPP_enzyme_N (Thiamine pyrophosphate enzyme, Nterminal), Aminotran_5 (Aminotransferase class-V), LPG_synthase_TM
(lysylphosphatidylglycerolsynthase TM region), and CDP-OH_P_transf (CDP-alcohol
phosphatidyltransferase). The recurring presence of thiamine pyrophosphate (TPP) families
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among neighbourhood clusters validates its well-known role in the decarboxylation of PnPy by
PnPy decarboxylase into PnAA. Similarly, aminotransferases are recognized in driving the
conversion of PnAA to AEP, a frequently observed phosphonate moiety. Many other families
observed among clusters play roles tied to the regular functioning of bacteria. For instance, the
function of the LPG_synthase_TM family is in adding lysyl groups to membrane lipids, a defence
mechanism typically observed by bacteria in which they modify their anionic membrane
phosphatidylglycerol with positively-charged L-lysine to repel foreign cationic peptides (Staubitz
et al., 2004) (Fig. 18). In addition, CDP-alcohol phosphatidyltransferases are typically involved in
phospholipid biosynthesis, which has significant roles in the structure and function of all cell
membranes, in this case catalyzing the displacement of CMP from a CDP-alcohol by a second
alcohol with the formation of a phosphodiester bond (Nogly et al., 2014).

40

Bioinformatic interrogation of phosphonate tailoring pathways – Monica Papinski

Figure 17. Dendrogram of pntC/ppm neighbourhoods compiled from complete, contig, and
scaffold databases. Preliminary clusters of neighbourhoods were classified into Cluster A
(brown), Cluster B (cyan), Cluster C (dark teal), Cluster D (magenta), Cluster E (purple), and
Cluster F (lime). Highlighted in red is Atopobium rimae, Treponema denticola, and Olsenella uli,
each of which express pnt genes and/or produce phosphonates detectable by 31P NMR.
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Figure 18. Putative pathway involving transfer of cationic L-lysine (L) into anionic
phosphatidylglycerol (PG) to form lysylphosphatidylglycerol (L-PG). The staphylococcal cell
envelope is comprised of a thick cell wall (light grey) and plasma membrane (dark grey). PG is
negatively charged and favours interactions with cationic antimicrobial molecules (CAMs)
produced by the host’s immune system. Modification of anionic PG with cationic L-lysine via
action by MprF, a L-PG transferase, may achieve CAM resistance as L-PG repels CAMs from the
membrane surface (Adapted from Staubitz et al., 2004).

Due to the high dissimilarity exhibited among neighbourhoods, smaller clusters were
preliminarily categorized with an emphasis on Pfams commonly shared among all
neighbourhoods in a set (Table 5, Fig. 19, see Appendix B). Among these, Cluster A was
characterized by the unique presence of SBP_bac_5 (bacterial extracellular solute-binding
proteins, family 5). Bacterial high affinity transport systems defined in this family include
dipeptides and oligopeptides involved in active transport of solutes across the cytoplasmic
membrane (Tam and Saier, 1993). Other key Pfams predominantly found within this cluster
include Asn_synthase (Asparagine synthase) and BPD_transp_1 (Binding-protein-dependent
transport system inner membrane component). Members of the Asn_synthase family catalyse
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the conversion of aspartate to asparagine, while members of the BPD_transp_1 family are
defined by their variable number of transmembrane helices (Larsen et al., 1999; Kadaba et al.,
2008)
Cluster B was characterized by Cytochrom_C (Cytochrome c), Sigma54_activat (Sigma-54
interaction domain), AhpC-TSA (AhpC/TSA family), LRAT (Lecithin retinol acyltransferase),
Porin_4 (Gram-negative porin), Me-amine-dh_L (Methylamine dehydrogenase, L chain), and
MauE (Methylamine utilisation protein MauE). Members of the Cytochrom_C family are most
well-known in their role in oxidative phosphorylation as an electron shuttle between Complex
III (cytochrome c reductase) and IV (cytochrome c oxidase) (Ludwig et al., 2001). Members of
the Sigma54_activat family are characterized by a domain interacting with the sigma-54 factor
with ATPase activity (Studholme and Dixon, 2003). Alkyl hydroperoxide reductase (AhpC) from
the AhpC-TSA family is directly involved in reducing organic hyperoxides in their reduced dithiol
form, while thiol specific antioxidant (TSA) provides enzymatic defences against sulphurcontaining radicals (Chae et al., 1994). LRAT is a functionally uncharacterized domain observed
in a number of proteins, including lecithin retinol acyltransferase (LRAT), an enzyme that
catalyzes the transfer of sn-1 acyl group of phosphatidylcholine to all-trans-retinol to form a
retinyl ester (MacDonald and Ong, 1988). Bacterial porins from the Porin_4 family act as
molecular filters for hydrophilic compounds in Gram-negative bacteria (Benz and Bauer, 1988).
Members of the Me-amine-dh_L family encompass aromatic dehydrogenases that form
heterotetramers with their heavy chains to catalyze the deamination of amines into aldehydes
(Hunter et al., 2009). Finally, the MauE family is marked by several bacterial methylamine
utilisation proteins involved particularly in the processing, transport, and maturation of the
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beta-subunit (van der Palen et al., 1997). Other key Pfams predominantly found, but not unique
to this cluster included PP2C_2 (Protein phosphatase 2C) and DUF2866 (Protein of unknown
function). Of these, protein phosphatase 2C from the PP2C_2 family is characterized by
Mn2+/Mg2+ dependent protein/serine/threonine phosphatases (Das et al., 1996).
Cluster C was marked by the presence of UPF0029 (Uncharacterized protein family).
Other remarkable Pfams in the family included LysE (LysE type translocator), Fer2_2 ([2Fe-2S]
binding domain) and PIG-L (GlcNAc-PI de-N-acetylase). The LysE family is proposed to be first of
a novel family of translocators, with LysE responsible for exporting l-lysine from the cell out into
the surrounding medium (Vrljic et al., 1996). The [2Fe-2S] binding domain characterizing the
Fer2_2 family is located in a number of dehydrogenases, oxidases and oxidoreductases (Hunter
et al., 2009). Members of PIG-L family are related to an important enzyme involved in
glycosylphosphatidylinositol (GPI) synthesis, N-acetylglucosaminylphosphatidylinositol de-Nacetylase (Watanabe et al., 1999).
Cluster D was characterized by XdhC_C (XdhC Rossmann domain), A_deaminase
(Adenosine/AMP deaminase), DUF4136 (domain of unknown function) and Xan_ur_permease
(permease family). The Rossmann domain characteristic of the XdhC_C family is related to
Xanthine dehydrogenase accessory proteins (Hunter et al., 2009). Adenosine deaminase
proteins found in the A_deaminase family catalyze hydrolytic deamination of adenosine into
inosine while AMP deaminase catalyzes hydrolytic deamination of AMP into IMP. Both of these
enzymes share regions with sequence similarities centered on residues involved in catalysis of
these reactions (Chang et al., 1991). Finally, Xan_ur_permease includes permeases for
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substrates such as xanthine, uracil, and vitamin C of which many are functionally
uncharacterized and likely involved in transport (Finn et al., 2016).
Cluster E was marked by the presence of LMWPc (Low molecular weight
phosphotyrosine protein phosphatase). Protein tyrosine phosphorylation is a commonlyobserved post-translational modification essential for many cellular functions. They catalyze the
removal of a phosphate group attached to a tyrosine residue, affecting protein stability and act
as key regulatory components in signal transduction pathways (Denu and Dixon, 1998). The
remaining Cluster F was characterized by the unique presence of SH3_4 (Bacterial SH3 domain).
While much is unknown about the function of the hypothetical bacterial proteins in this family,
they are characterized by SH3-like domains which are small protein modules containing roughly
50 amino acid residues found in a number of intracellular or membrane-associated proteins. Its
arrangement consists of 5-6 β-strands tightly arranged in an anti-parallel fashion. It is proposed
to mediate a number of diverse processes including increasing local concentration proteins or
mediating the assembly of larger multiprotein complexes (Mayer, 2001).
Many of the represented genomes identified in selected clusters belong to the genus
Burkholderia, comprising a morphologically, metabolically and ecologically diverse group of
clinically important organisms, phytopathogens, and environmental species, many of which
include common soil inhabitants whose biogeographic distribution is strongly affected by soil
pH, thriving under acidic conditions (Eberl and Vandamme, 2016; Sawana et al., 2014). Several
species have been reported to fix nitrogen, promote plant growth, and degrade recalcitrant
compounds. Co-occurrence of Burkholderia species have been observed alongside various
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fungi, plants, and insects in forming either antagonistic or mutualistic relationships (Eberl and
Vandamme, 2016). Various Burkholderia species has also been identified to be opportunistically
pathogenic in nature, such as those belonging to the Burkholderia cepacia complexes (BCC),
which are responsible for pulmonary infections particularly in immunocompromised individuals
(Sawana et al., 2014). Both Paraburkholderia and Caballeronia represent two genera identified
in the reclassification of Burkholderia that form distinctive clades in phylogenetic clustering
(Dobritsa and Samadpour, 2016). From Cluster A, genera Rhizobium and Mesorhizobium,
referred to as rhizobia, are members of the bacterial order Rhizobiales of α-proteobacteria.
They encompass Gram-negative bacteria that possess the unique ability to act as N2-fixing
symbionts with legumes. It has been recently discovered that many rhizobia species may in fact
have genes for enzymes essential in the denitrification process (Delgado et al., 2007).
Table 5 Cluster Overview The following table highlights selected clusters, showing
characteristic Pfams, number of members and representative genomes. All Pfams listed are
unique to the cluster, with the exception of Pfams highlighted with * which indicates Pfams
shared among all in a cluster but not exclusive to the cluster.
Cluster
Cluster A

Characteristic Pfams
SBP_bac_5, *Asn_synthase,
*BPD_transp_1

Cluster B

Cytochrom_C, Sigma54_activat,
AhpC-TSA, LRAT, Porin_4, Meamine-dh_L, MaueE, *PP2C_2,
*DUF2866
UPF0029, *LysE, *Fer2_2, *PIG-L

Cluster C

# of Members Represented Genomes
3
 Rhizobium
leguminosarum Vaf108
 Mesorhizobium
WSM2561
 Mesorhizobium
L48C026A00
3
 Paraburkholderia
hospita LMG20598
 Burkholderia BT03
 Burkholderia CF099
3
 Paraburkholderia
fungorum
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Cluster D

XdhC_C, FBPase, A_deaminase,
DUF4136, Xan_ur_permease

5







Cluster E

LMWPc

3





Cluster F

SH3_4

4






Paraburkholderia
byrophila
376MFSha31
Burkholderia
WSM4176
Caballeronia
zhejiangensis OP-1
Caballeronia catudaia
LMG29318
Caballeronia
sordidicola S170
Caballeronia udeis
LMG27134
Caballeronia
megalochromosomat
a JC2949
Burkholderia WP40
Burkholderia WP42
Burkholderia
MSMB1835
Burkholderia RF4BP95
Burkholderia RF7-non
BP4
Burkholderia RF2-non
BP3
Burkholderia RF7-non
BP1

In addition to the preliminary clustering performed by recognizing intersecting Pfams
unique to each cluster, neighbourhoods containing other well-established phosphonate
tailoring domains were located in the dendrogram. Previously retrieved domains for licA
(Choline_kinase), licB (EamA), and licD (LicD) and were identified clustered together in one pntC
neighbourhood (Fig. 20). In addition, cj1418 (PEP-utilizers) was found in a pntC neighbourhood
within the same cluster as the other aforementioned phosphoryl-tailoring related domains.
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Interestingly, licD (LicD) was found prominently clustered in one larger group in the
dendrogram, indicating its strong presence within pntC neighbourhoods (Fig. 21).

A

B

C

D

Figure 19. Neighbourhoods containing Known Phosphonate Tailoring Machinery. Figure A
shows neighbourhoods containing a glutamine kinase domain in orange. Figure B shows
neighbourhoods containing a licA-like domain in green. Figure C shows neighbourhoods
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containing a licB-like domain in red. Figure D shows neighbourhoods containing a licD-like
domain in blue.

Future Work and Considerations

Thus far, an appropriate bioinformatics tool has been developed for classifying
pntC/ppm neighbourhood clusters based on Jaccard distances across complete, contig, and
scaffold genome databases from NCBI Refseq. An observation of the distribution of Jaccard
distances reveals high diversity among pntC neighbourhoods, implying potentially diverse
biochemical pathways in play. While several clusters have been preliminarily classified based on
representative Pfams uniquely located in each cluster, future work may revolve around
performing the same processes for other similarly sized clusters and potentially expanding this
work for larger clusters in the dendrogram. Continuing challenges persist in determining an
appropriate cut-off for determining clusters which will guide classification of pntC
neighbourhoods.
Additional challenges remain in determining the appropriate gene boundaries for
neighbourhoods involved in pntC tailoring, which may vary widely on either side of our two
genes of interest, pntC and ppm. The currently selected distance of 10 genes on either side of
our genes of interest is potentially too limiting in certain cases, excluding additional key genes
acting in the pathway, and too generous in others, adding in genes that are irrelevant to the
target pathway. Developing a program to test various boundaries and their impact on Jaccard
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distances would allow us to more accurately select representative boundaries for
neighbourhoods.
Foundational work has been done in expanding this tool to neighbourhoods beyond the
familiar pntC/ppm paradigm, specifically for various other key enzymes involved in phosphatedriven reactions like those pertaining to P-O modification (choline kinase - licA, choline
transporter - licB) and P-N modification (glutamine kinase - cj1418). Distances were calculated
between licC/pntC homologs and licA, licB and cj1418 to reveal overarching themes regarding
the arrangement of genes for neighbourhoods involved in phosphoryl tailoring which may imply
strong biochemical relevance. Future work may continue in elucidating the neighbourhood
composition for these other key members in order to capture a more representative crosssection of phosphoryl tailoring machinery.
Finally, closer visual inspection of gene alignments in neighbourhoods with particular
consideration to gene arrangement will drive further insights into the relations of enzymes
acting in similar phosphonate tailoring pathways. Specific attention to functional annotations at
the gene level, rather than Pfam family associations, will help reveal biological mechanisms and
may provide meaningful analysis to compliment pntC neighbourhood classifications. Additional
consideration to the species that correspond with each cluster will provide unique
opportunities to further our understanding of the environments and diverse biological
applications that may accompany phosphonate tailoring.
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Summary
There is increasing pressure to formulate narrow-spectrum antimicrobials to tackle the
rising issue of antimicrobial resistance. Discovery of novel phosphonate tailoring pathways may
provide valuable insights into developing specific targets of inhibition. A large diversity of gene
composition and arrangement is evident surrounding key genes acting in phosphonate tailoring
pathways, which are identified alongside the presence of the ppm gene encoding the P-C bond
forming enzyme phosphoenolpyruvate mutase (Ppm). In this thesis, the presence of a putative
cytidylyltransferase called pntC has been identified in close genomic proximity to ppm in 120
gene neighbourhoods gathered from non-redundant genome sets. A bioinformatics tool has
been developed to analyze neighbourhoods surrounding ppm and pntC homologs based on
functional associations with Pfam families, which will allow for prediction of novel phosphonate
modifications. Thus far, 6 pnt gene clusters have been preliminarily classified based on uniquely
identified

Pfams,

highlighting

functions

involved

in

transport,

redox

reactions,

dehydrogenation, and deamination with a variety of substrates. Future work with this
bioinformatics tool will enable further classification of pnt gene clusters and result in the
generation of testable hypotheses for enzyme targets crucial to phosphonate tailoring
pathways.
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Glossary
AEP = 2-aminoethylphosphonic acid
CDP = cytidine disphosphate
ChoP = phosphocholine
Cj1416 = phosphoglutamine cytidylyltransferase
Cj1417 = γ-glutamyl-CDP-amidate hydrolase
Cj1418 = glutamine kinase
CPS = capsular polysaccharides
HEP = 2-hydroxyethylphosphonic acid
HMMs = Hidden Markov Models
LicA = choline kinase
LicB = choline transmembrane transporter
LicC = phosphocholine cytidylyltransferase
LicD = phosphocholine transferase
PEP = phosphoenolpyruvate
PnAA = phosphonoacetaldehyde
PnPy = phosphonopyruvate
pnt = phosphonyl tailoring
PntC = phosphonyl tailoring cytidylyltransferase
PntD = phosphonyl tailoring transferase
Ppm = phosphoenolpyruvate mutase
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Appendix
Section A

All relevant material, including original query fasta sequences (licA, licB, pntC, cj1418, and ppm)
and scripts are uploaded onto GitHub: http://github.com/papi0310/ppm-pntC-clustering. There
is an included Wiki with a workflow on how to repeat all relevant processes applicable to my
thesis, as well as sample commands.

Section B

The following section includes gene neighbourhood alignments for neighbourhood members of
sample ppm-pntC clusters.
Cluster A
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Cluster B

Cluster C

Cluster D
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Cluster E

Cluster F
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